ABSTRACT
INTRODUCTION
Ventricular septal defects (VSD) occur in 5 to 50 per 1,000 live births, with isolated VSD comprising 20 -30% of congenital heart defects. 1 The clinical manifestations of VSD with resulting left to right shunt are dependent on the size of the defect and the relative pulmonary and systemic vascular resistances. Larger left to right shunts lead to pulmonary arterial and left-sided over-circulation, which can result in left ventricular (LV) dilation, leading to mitral annular dilation with resulting mitral regurgitation (MR) and left atrial (LA) dilation.
1,2 Surgical repair is indicated in large shunts with a pulmonary to systemic blood flow ratio > 2:1 and associated congestive heart failure, failure to thrive despite optimal medical therapy, or with associated aortic insufficiency from a prolapsed aortic valve leaflet. 3 The timing of surgical repair for a hemodynamically significant VSD commonly is performed at less than six months of age to avoid irreversible pulmonary arterial hypertension and myocardial damage from prolonged volume overload. 4 Resolution of LV dysfunction from volume overload is reversible in these patients if repair is performed at an early age, with improvement in the degree of left heart dilation and MR noted within the first post-operative year. 5 There are limited data regarding the timing of resolution of left heart dilation and LV dysfunction (both systolic and diastolic) along with variables such as bypass times, which may influence outcomes following surgical repair. The timing of resolution of associated MR, LA dilation, and LV enlargement following surgical repair for VSD were described in a cohort of pediatric patients at a single institution.
METHODS
A retrospective review was conducted of all patients, newborn to 18 years of age, who underwent surgical VSD closure from January 2008 to June 2014 at New York Langone Medical Center. Patients with other significant hemodynamic lesions were excluded (i.e., moderate-large atrial septal defects, moderate-severe aortic insufficiency, moderate-large patent ductus arteriosus). Immediate pre-surgical echocardiograms, along with post-surgical echocardiograms for up to one year following repair were reviewed. Echocardiographic data from prior reports regarding qualitative and quantitative measurements of chamber dilation, valve regurgitation, and ventricular function were recorded for all echocardiograms reviewed. LA volumes were measured using the prolate ellipse method. 6 Mitral valve annulus diameters and LV dimensions in systole and diastole were recorded from both pre-and post-operative echocardiograms. The MV was measured in apical four chamber or parasternal long axis view during early diastole after the maximum excursion of leaflets from inner edge to inner edge at the hinge points of the leaflet attachments. 7 The type of VSD was recorded as documented in the patient's echocardiographic reports which often utilized the historical surgical nomenclature which had been used at New York University Langone Medical Center during the reviewed timeframe (perimembranous, outlet, inlet, or muscular). The VSD was not reclassified into the authors' preferred nomenclature (the ICD-11 classification system) due to limited availability of the necessary images. However, we promote starting the classification with the borders of the defect; perimembranous, doubly committed, or muscular, and sub-classifying by right ventricular geography and the presence or absence of septal malalignment. 8 Further characteristics of the VSD were recorded including the size as compared to the aortic annulus diameter (large VSD > 1/2 diameter of aortic annulus, moderate VSD > 1/3 and < 1/2, and small VSD < 1/3), peak instantaneous Doppler gradient of the VSD, presence of right aortic cusp prolapse with resultant aortic insufficiency and presence of residual VSD following surgery.
Clinical information was recorded including demographics, body weight, height, body surface area, symptoms of heart failure prior to surgery, anti-congestive medication prior to surgery, electrocardiographic abnormalities, and surgical procedure notes including cardiopulmonary bypass time and any complications following surgery. Institutional review board approval for this retrospective review was obtained.
Statistical Analysis. The Statistical Package for Social Sciences (SPSS) version 20.0 (SPSS Inc., Chicago, IL, USA) was used for all data analyses. For variables with normal distribution, mean and standard deviation were reported. Variables without a normal distribution were expressed as median and ranges. The Student t-test was calculated for normally distributed continuous variables and the Wilcoxon signed ranks test was calculated for nonparametric variables. The Fisher exact test and one-way analysis of variance (ANOVA) were calculated for the MR category. A value of p < 0.05 determined statistical significance.
RESULTS
There were 42 patients meeting inclusion criteria with a median age of five months (range 0.1 -14 years) who underwent VSD surgical repair. The echocardiograms were reviewed up to a mean of 12 months post-operatively (range 9 -14 months). The study subjects had at least three echocardiograms post-operatively in the first 12 months with the initial echocardiogram performed within the first week, the second by approximately three months, and the third study performed around 9 -12 months post-operatively. The most common type of VSD was perimembranous (70%), with equal distribution of the remaining VSD types. The majority of defects were classified as moderate to large in size based on the size of aortic valve annulus (moderate in 40%, large in 56%). Two-thirds of outlet VSD (doubly committed) patients had trace to mild aortic insufficiency on their preoperative echocardiogram without usual left heart dilation and congestive heart failure symptoms. Two-thirds of the study cohort additionally had one or more of the following: a patent foramen ovale, a small atrial septal defect, or a small patent ductus arteriosus.
The most common abnormal electrocardiogram finding was biventricular hypertrophy (71%). Two-thirds of patients had signs and symptoms of congestive heart failure (tachypnea, tachycardia, failure to thrive, and/or hepatomegaly) and were prescribed at least one anti-congestive medication (Table 1) .
The MR was assessed qualitatively into trace, mild, moderate or severe. Nearly half of the pre-surgical cohort had trace MR (44%), followed by mild (16%) and moderate MR (9%), with no patients with severe MR. At three-month follow-up, two-thirds of the cohort had hemodynamically non-significant mitral regurgitation. There were no other anatomical abnormalities other than annular dilation. Forty-five percent of patients had a dilated mitral valve annulus pre-operatively with a mitral valve annular Z-scores > +2, which decreased to only 19% at follow-up. The pre-operative median mitral valve annular Z-score was 1.8 (range: -1.2 to 4.1), improving to EARLY "UNNATURAL" HISTORY OF VENTRICULAR SEPTAL DEFECTS continued.
a Z-score of 0.6 (range: -1.7 to 2.4; p < 0.001) at follow-up (Figure 1) . The median fractional shortening (FS) in the pre-operative echocardiogram was 36% (range: 31 -59%). There was slight decrease in the median FS to 31% (range: 24 -39%; p<0.001) in the first post-operative echocardiogram likely due to sudden unloading of the LV volume. In the subsequent follow-up echocardiogram at three months, the median FS was 35% (range: 29 -44%; p < 0.001 when compared to first post-op). Approximately 70% of pre-operative patients demonstrated LA dilation with a median LA volume Z-score of 1.1 (range: -2.6 to 15.5), improving to only 13% at follow-up with a median Z-score of -1.2 (range: -3.5 to 2.9; p < 0.001; Figure 2 ). The median difference in LA volume dimensions Z-score of 3.5 from pre-op to post-op echocardiogram demonstrates the sudden volume unloading following VSD closure. Few patients had normal pre-operative LA volumes, suggesting less of a volume overload. LA dilation is common in hemodynamically significant VSDs, however, it was not uncommon for a doubly committed VSD to be referred for surgery due to aortic regurgitation from aortic leaflet prolapse, rather than true left heart dilation. The LA volume Z-scores are normal to lower in this subset of population. The ultimate physiological effects of the majority of unrestrictive VSDs are dilation of LA and LV. In our pre-surgical cohort, LV enlargement was noted in 81% with a median LVEDD Z-score of 3.0 (range: -2.0 to 7.9). Immediate normalization of LV volume following surgery was uncommon, however, there was significant improvement in qualitative assessment of LV enlargement (25%) with a median LVEDD Z-score of 0.5 (range: -2.1 to 2.9; p < 0.001) at follow-up (Figure 3 ). The improvements in mean differences between mitral valve annular Z-score, LA volume, and LVEDD Z-score are displayed in Table 2 . The majority of residual VSDs noted in the immediate post-operative period were no longer seen at the three-month follow-up echocardiogram and all were hemodynamically insignificant.
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DISCUSSION
Although VSDs are one of the most common forms of congenital heart disease encountered, with surgical repair of VSD being one of the most common surgeries performed by congenital cardiothoracic surgeons, there is limited literature assessing the "unnatural" history of left heart dilation and its resolution following surgical repair. A similar study by Cho et al. 9 reviewed pre-and post-operative echocardiographic data of 40 children who underwent surgical repair of VSD, noting that LA dilation was reduced within the first three months after surgical closure, with LV and mitral annular dilation decreasing within the first year. Our results showed a similar but more immediate trend in resolution of LA, mitral annular, and LV dilation, with persistence of some degree of MR into the early follow-up period.
We assessed only short-to intermediate-term follow-up and did not correlate these changes to age, however, we hypothesized that the majority of patients will have resolution of MR two to three years following surgical repair with quicker resolution in the younger patient. In addition to assessing the course of left heart dilation and MR following surgical repair, we also assessed the degree of systolic and diastolic dysfunction in this cohort surrounding surgery. LV systolic function has been reported to normalize within one year following surgical repair of VSD, while normalization of RV systolic function may remain significantly impaired for up to 20 months post-operatively. 10 Additionally, resulting right bundle branch block (RBBB) following surgical repair may affect right ventricular systolic and diastolic function, as well as LV diastolic function; however, LV systolic function appears to be unrelated to the presence of post-operative RBBB. 11, 12 Our experience demonstrated pre-and post-operative preservation of LV systolic function in most isolated VSD cases. Diastolic assessment was limited with the majority of cases only having mitral valve inflow Doppler patterns available and normal E (a ratio both pre-and post-operatively for age). Additionally, quantitative right ventricular systolic functional assessment was often not available, making it difficult to come to any conclusion regarding this parameter.
Although this investigation shed a positive light on the timely resolution of left heart dilation with preservation of ventricular function on what historically has been considered a relatively benign form of congenital heart disease, recent studies have focused on long-term morbidity following surgical repair of VSD. Although exercise capacity appears normal during childhood and adolescence following surgical repair of VSD, 13 exercise intolerance has been demonstrated in early adulthood in these patients when compared to normal healthy controls. 14, 15 These findings illuminated the misconception that repaired VSD are a benign group of patients, and highlight the necessity for long-term follow-up extending into the adult years.
Study Limitations. Obvious limitations to this study were its retrospective design and small sample size, with only short-to intermediate-term follow-up. These findings are largely dependent on reported echocardiographic data; some are largely subjective, such as grading of the degree of mitral regurgitation, with follow-up studies often being limited, especially with regard to diastolic functional assessment.
CONCLUSIONS
Normalization of LA, mitral valve annulus, and LV size occurred within the first three months in the majority of children following surgical repair of VSD, with significant improvements occurring EARLY "UNNATURAL" HISTORY OF VENTRICULAR SEPTAL DEFECTS continued.
within the first post-operative week in a large proportion of these children. Although complete resolution of MR was not demonstrated on intermediate follow-up in most patients, there was a trend toward improvement with resolution likely occurring on more long-term follow-up.
